Abstract-Optical generation of impulse-radio ultra-wideband (UWB) signals in the 60-GHz band is proposed and experimentally demonstrated. External-cavity laser (ECL) and vertical-cavity surface-emitting laser (VCSEL) is employed for frequency up-conversion by heterodyne mixing with a UWB optical signal for comparison purposes. Real-time bit-error-rate (BER) performance of generated signals at 3.125 Gb/s is evaluated combining fiber and 2-m wireless transmission. Different optical fiber types including 1-km bend-insensitive single-mode fiber and 20-km nonzero dispersion-shifted fiber is evaluated. BER for the ECL and BER for the VCSEL requiring higher received optical power than the ECL is demonstrated employing electrical power detection.
I. INTRODUCTION
U LTRA-WIDEBAND (UWB) is a radio technology capable of providing multi-Gb/s short-range indoor communications using regulated spectrum from 3.1 to 10.6 GHz [1] . UWB presents the unique characteristic of being designed for coexistence with other services in the same frequency range. This is achieved limiting the equivalent isotropic radiated power (EIRP) density to 41.3 dBm/MHz and introducing detectionand-avoid mechanisms. UWB operation in the 60-GHz band is an open opportunity [1] . Worldwide regulation in the 60-GHz band (57-66 GHz in Europe and Australia, 57-64 GHz in the U.S. and Canada, 59-66 GHz in Japan) can allocate very well the current UWB bandwidth (up to 7.5 GHz). In addition, the 60-GHz band allows extending the wireless distance increasing EIRP density up to 13 dBm/MHz as allowed in current regulation [ In this letter, we propose and analyze 60-GHz UWB photonic generation and integrated optical-radio transmission employing vertical-cavity surface-emitting lasers (VCSEL) and external-cavity lasers (ECL). 60-GHz photonic generation and integrated transmission is an interesting approach for multi-Gb/s access in fiber-to-the-home (FTTH) networks [3] , in wireless personal area networks (WPAN) supporting A/V streaming, and in interference-sensitive scenarios like on-board plane equipment [1] . Previous works demonstrate wireless distances below 1 m employing on-off keying (OOK) modulation in the 3.1-10.6-GHz band, e.g. 20-cm wireless distance and up to 10 km of standard single-mode fiber (SSMF) with dispersion precompensation at 1.025 Gb/s [4] . In the 60-GHz band, optical transmission up to 40-km SSMF and 5-m wireless distance has been demonstrated employing biphase modulation at 1.44 Gb/s [3] . Finally, wireless transmission up to 1.6 m employing OOK modulation at 2.5 Gb/s has been demonstrated in the 75-110-GHz band for 250-m SSMF and 50 m of dispersion compensating fiber [5] .
The analysis herein presented addresses the photonic generation, optical transmission up to 20 km and wireless transmission up to 2 m of impulse-radio UWB signals in the 60-GHz band. OOK modulation at 3.125 Gb/s is employed. OOK permits envelope detection avoiding down-conversion at the receiver and phase locking. The photonic generation technique employed is based on frequency up-conversion by heterodyne photodetection of an impulse-radio UWB signal and a semiconductor diode laser at a wavelength 60 GHz apart. This technique permits dual operation in the 3.1-10.6-GHz and in the 60-GHz band. Optical transmission performance is evaluated experimentally considering 1 km of bend-insensitive single-mode fiber (BI-SMF) (1.1 dB loss) and 20 km of nonzero dispersion-shifted fiber (NZ-DSF) (4.7 dB loss). The BI-SMF is employed for indoor distribution due to its low bend loss and suitability for indoor installation. The NZ-DSF is employed for FTTH distribution due to the improved dispersion performance compared to SSMF. The total dispersion of the 20 km of NZ-DSF is equivalent to that of 6.5 km of SSMF. Fig. 1 shows the experimental setup. At the head-end unit (HEU), an impulse-radio UWB signal at 3.125 Gb/s is optically generated based on the incoherent optical field summation resulting from cross-gain modulation of an uncooled distributed feedback (DFB) laser at 1552.4 nm with an ECL (ECL1 in Fig. 1 ) at 1553.5 nm [6] . The ECL1 is modulated at 1041-1135/$26.00 © 2011 IEEE 3.125 Gb/s by a return-to-zero (RZ) pseudorandom binary sequence (PRBS) signal with a duty cycle of 0.25. A programmed PRBS from the PPG is employed, "1000" and "0000" corresponding to 1 and 0 UWB bits, respectively. The signal at point (1) in Fig. 1 is shown in Fig. 2(a) . The pulse shape is in excellent compliance with the UWB EIRP density regulated in the U.S. provided an antenna with an adequate frequency response is used for operation in the 3.1-10.6-GHz band [6] . Fig. 2(b) shows the signal in the 3.1-10.6-GHz band, which is available at point (3) in Fig. 1 simultaneously to the 60-GHz signal.
II. EXPERIMENTAL SETUP
The impulse-radio UWB signal is combined with a laser, ECL (HP/Agilent 8168C) or uncooled unmodulated 10-Gb/s VCSEL (supplied by VERTILAS). The laser is tuned at a wavelength of 60 GHz lower than the DFB wavelength. In this way, frequency up-conversion of the impulse-radio UWB signal to the 60-GHz band is achieved after 75-GHz photodetection (PD) at the remote antenna unit (RAU). The combined optical signal is amplified by an Erbium-doped fiber amplifier (EDFA), 5-nm filtered, and distributed over fiber. A variable optical attenuator (VOA) is employed to vary the received optical power. At the RAU, the photodetected signal is band-pass filtered (56.26-62 GHz) and amplified by a low-noise amplifier (18.7-dB gain) and a high-power amplifier (28.7-dB gain) before being fed to an antenna for 2 m of wireless transmission. Rectangular horn antennas with 50-75-GHz frequency range, 20-dBi gain, and 12 beamwidth are employed. At the receiver, the 60-GHz impulse-radio UWB signal is amplified by a high-power amplifier (28.7-dB gain) and demodulated by a power detector (50-75 GHz). The detected envelope is amplified to accommodate its level to the bit-error rate (BER) tester and 7.5-GHz low-pass filtered (LPF). Eye diagrams are measured at point (4) in Fig. 1 .
The signal at point (1) in Fig. 1 and from the ECL or VCSEL are optimized for the best possible minimum BER in each case of ECL or VCSEL and B2B or optical transmission. The optimum DFB bias is approximately the same in all cases. The output power of the ECL and VCSEL should be high. The maximum output power of 2 dBm is employed in both cases.
III. EXPERIMENTAL PERFORMANCE
BER as a function of the received optical power of the 60-GHz optical and 2-m radio link is compared for ECL and VCSEL. ECL is suitable for heterodyning due to the relative narrow-linewidth [7] . In recent years, VCSEL have gained a lot of interest due to the relative low cost. VCSEL placed at a remote site is also investigated to compare different scenarios.
For ECL, the spectrum at point (2) in Fig. 1 is shown in Fig. 3(a) . Fig. 4 shows BER performance which is limited by electrical noise. Decreasing the received optical power further increases the BER due to reduction in signal-to-noise ratio (SNR). BER is achieved at an optical receiver sensitivity of 10.1 dBm, 9.8 dBm, and 7.6 dBm for optical back-to-back (B2B), 1-km BI-SMF, and 20-km NZ-DSF, respectively. The power budget apart from fiber loss is 12.3 dB, 11.1 dB, and 4.2 dB, respectively. Hence, fiber dispersion introduces a power budget penalty of 1.2 dB, and 8.1 dB, respectively.
For VCSEL, Fig. 3(b) shows the spectrum at point (2) in Fig. 1 . There is a small difference in DFB bias between ECL and VCSEL due to the lower wavelength accuracy of the VCSEL. This causes different DFB chirp so that the DFB bandwidth in Fig. 3(b) is wider than that in Fig. 3(a) . Fig. 5 shows BER performance. BER floor is limited by the optical SNR. The optical SNR for B2B is degraded compared with ECL due to the VCSEL noise. BER simulated employing VPITransmissionMaker suggest that the VCSEL linewidth (20 MHz min. versus 100 kHz of the ECL, as of datasheets) dominates over the VCSEL relative intensity noise (RIN). A maximum RIN of 135 dB/Hz is considered for both VCSEL and ECL. In addition, the influence of the VCSEL chirp in the fiber RF transfer function mitigates dispersion-induced RF power fading compared with ECL. BI-SMF dispersion does not degrade BER floor like in Fig. 4 . Hence, BI-SMF penalty in Fig. 4 is not due to pulse time stretching but to 60-GHz signal distortion induced by RF power fading. BER floor degradation by NZ-DSF dispersion in Fig. 5 is lower than that in Fig. 4 . Hence, RF power fading contributes to NZ-DSF penalty in Fig. 4 . Furthermore, BER floor degradation by NZ-DSF in Fig. 5 does not induce penalty in optical receiver sensitivity. This excellent transmission property is the result of gain in the fiber RF transfer function further induced by VCSEL chirp [8] . This gain improves SNR at low received optical power. This effect is also the cause of the improvement in optical receiver sensitivity for BI-SMF with respect to B2B in Fig. 6 . Additionally, assuming that the BER floor degradation by NZ-DSF in Fig. 5 is only caused by pulse time stretching, time stretching (which is dependent on DFB bandwidth) induces a maximum penalty of 1 dB. BER is below the limit for forward error correction (FEC) at optical receiver sensitivity approximately the same of 4 dBm for optical B2B, 1-km BI-SMF, and 20-km NZ-DSF. The power budget apart from fiber loss is 8 dB, 7.1 dB, and 3.1 dB, respectively. The power budget penalty with respect to ECL at BER is 7 dB, 6.9 dB, and 4.2 dB, respectively. Fig. 6 shows BER when the VCSEL, polarization controller and 3-dB coupler are moved to point (2) in Fig. 1 . The optical spectrum at point (2) in Fig. 1 at 0.9-dBm maximum received optical power is like that in Fig. 3(b) with a power level reduced by 7.7 dB and 0.4 dB for VCSEL and DFB, respectively, and increased by 1.1 dB for ECL1. BER floor is limited by the optical SNR. The noise at the coupler output is dominated by the noise at the EDFA output for B2B at high received optical power. The lower power used for up-conversion and the different optical noise result in optical SNR for B2B degraded compared with Fig. 4 and Fig. 5 . BER is achieved at an optical receiver sensitivity of 7 dBm, 7.7 dBm, and 6.7 dBm for B2B, 1-km BI-SMF, and 20-km NZ-DSF, respectively. The power budget apart from fiber loss is 7.9 dB, 7.7 dB, and 3.6 dB, respectively. These results demonstrate that VCSEL used for remote direct modulation could also be used for heterodyning. Furthermore, remote VCSEL potentially eliminates RF power fading.
Note that the wavelength of the VCSEL was adjusted to track the temperature drift (0.1 nm C typ.). In practice, temperature control could improve stability.
IV. CONCLUSION Simple optical generation of OOK 60-GHz impulse-radio UWB signals at 3.125 Gb/s has been experimentally demonstrated. Cost-effective VCSEL is proposed for optical heterodyning. VCSEL is demonstrated to be suitable for integrated FTTH or optical indoor and WPAN transmission in two scenarios including centralized VCSEL and remote VCSEL. Compared with ECL, VCSEL could be directly modulated and VCSEL chirp improves dispersion tolerance. However, BER is degraded for VCSEL. Reduced VCSEL linewidth for centralized VCSEL and high VCSEL output power for remote VCSEL could reduce the BER degradation.
